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Particle transport due to Ion Temperature Gradient/Trapped Electron (ITG/TE)
mode turbulence is investigated using the gyrokinetic code GENE. Both a reduced
quasilinear (QL) treatment and nonlinear (NL) simulations are performed for typical
tokamak parameters corresponding to ITG dominated turbulence.
A selfconsistent treatment is used, where the stationary local profiles are calculated
corresponding to zero particle flux simultaneously for electrons and trace impurities.
The scaling of the stationary profiles with magnetic shear, safety factor, electron-
to-ion temperature ratio, collisionality, toroidal sheared rotation, triangularity, and
elongation is investigated. In addition, the effect of different main ion mass on the
zero flux condition is discussed.
The electron density gradient can significantly affect the stationary impurity pro-
file scaling. It is therefore expected, that a selfconsistent treatment will yield results
more comparable to experimental results for parameter scans where the stationary
background density profile is sensitive. This is shown to be the case in scans over
magnetic shear, collisionality, elongation, and temperature ratio, for which the simul-
taneous zero flux electron and impurity profiles are calculated.
A slight asymmetry between hydrogen, deuterium and tritium with respect to
profile peaking is obtained, in particular for scans in collisionality and temperature
ratio.
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I. INTRODUCTION
It is well known that the shape of the main ion density and impurity profiles are crucial for
the performance of a fusion device. Inward peaking of the main ion (electron) density profile
is beneficial for the fusion performance since it enhances the fusion power production. For
impurities on the other hand, a flat or hollow profile is preferred, since impurity accumulation
in the core leads to fuel dilution and radiation losses which degrades performance.
The particle profiles are determined by a balance between particle sources and particle
fluxes, a subject which historically has been given much less attention than energy transport
and the associated temperature profiles. Hence, electron density profiles are often treated as
a parameter in theoretical studies of transport rather than being selfconsistently calculated.
Turbulent transport in the core of tokamaks is expected to be driven mainly by Ion
Temperature Gradient (ITG) and Trapped Electron (TE) modes. Impurity transport driven
by ITG/TE mode turbulence has been investigated in a number of theoretical studies.1–26
Most work in this area has been focused on either scalings of stationary electron profiles or
on impurity transport using prescribed electron density profiles.
It is well established theoretically that turbulent particle transport in tokamaks has
contributions from both diagonal (diffusive) and non-diagonal (convective) terms. The non-
diagonal transport contributions may give rise to an inward pinch which can support an
inwardly peaked profile even in the absence of particle sources in the core. The stationary
peaked profile is then obtained from a balance between diffusion and convection.
It is known that the electron density gradient can significantly affect the stationary im-
purity profile scaling.24 In the present work, therefore, the background electron density and
impurity peaking is treated selfconsistently, by simultaneously calculating the local profiles
corresponding to zero turbulent particle flux of both electrons and impurities.
Linear and nonlinear gyrokinetic simulations using the code GENE27 are employed.28,29
The scaling of the stationary profiles with key plasma parameters like magnetic shear, tem-
perature ratio and temperature gradient, toroidal sheared rotation, safety factor, and col-
lisionality is investigated for a deuterium (D) plasma. The isotope scaling of stationary
profiles, for hydrogen (H) and tritium (T) plasmas, is also studied.
The parameters are taken from the Cyclone Base Case (CBC30), but with deuterium as
main ions; see Tab. I for the main parameters. It is an ITG mode dominated scenario and,
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TABLE I: Parameters for the Cyclone Base Case (CBC). † denotes derived parameters
r/R 0.18
sˆ 0.796
q0 1.4
R/Lni,e 2.22
R/LTi,e 6.96
Ti/Te 1.0
Te 2.85 keV
ne 3.51 · 10
19 m−3
B0 3.1T
R 1.65m
β 0
νei
† 0.05 cs/R
though set far from marginal stability, is an interesting case for study, and is widely used as
a testing ground and benchmark for theoretical and numerical studies.
The rest of the paper is organised as follows: In section II the theoretical background
is given, including considerations regarding analysis and numerics; the main results are
presented in section III, where scalings of the stationary profiles for electrons and impurities
are presented; results for background peaking for different main ion isotopes is presented
and discussed in section IV; finally, in section V, follow the concluding remarks.
II. BACKGROUND
The local particle transport for species j can be formally divided into its diagonal and
off-diagonal parts
RΓj
nj
= Dj
R
Lnj
+DTj
R
LTj
+RVp,j. (1)
Here, the first term on the right hand side is the diffusion and the second and third con-
stitute the off-diagonal pinch. The first of the pinch terms is the particle transport due
to the temperature gradient (thermo-diffusion) and the second is the convective velocity,
which includes contributions from curvature, parallel compression and roto-diffusion. In
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equation (1), R/LXj ≡ −R∇Xj/Xj are the local gradient scale lengths of density and
temperature, normalised to the major radius (R). In general, the transport coefficients de-
pendent on the gradients, though in the trace impurity limit the transport is linear in both
R/LnZ and R/LTZ . A review of the off-diagonal contributions is given in Ref. 31.
At steady state, the contributions from the different terms in the particle transport will
tend to cancel, resulting in zero particle flux. Solving equation (1) for zero particle flux,
with Vj = DTj1/LTj + Vp,j yields
PFj ≡
R
Lnj
∣∣∣∣∣
Γ=0
= −
RVj
Dj
, (2)
which is the steady state gradient of zero particle flux for species j. This measure quantifies
the balance between diffusion and advection, and gives a measure of how “peaked” the local
density profile is at steady state. It is therefore referred to as the “peaking factor” and
denoted PFj.
In order to investigate the transport, nonlinear (NL) GENE simulations were performed
from which PFe for the stationary electron profiles were calculated. The results were com-
pared with quasilinear (QL) results, also obtained using GENE. The background peaking
factor was found by explicitly seeking the gradient of zero particle flux by calculating the elec-
tron flux for several values of the density gradient. A typical set of simulations is displayed
in Fig. 1(a), where the time evolution of the electron flux for three density gradients near the
gradient of zero particle flux is shown (fluxes are in gyro-Bohm units, with DGB = csρ
2
s/R).
A second order polynomial p was then fitted to the data closest to the zero flux gradient and
then the PFe was found as the appropriate root of p. The error for PFe was approximated
by finding the corresponding roots of p ±max [σΓ ], and using the difference between these
roots as a measure of the error. In Fig. 1(b) the particle flux spectrum for a NL simulation
for CBC near this gradient is shown. The figure illustrates that the total flux is zero due to a
balance of inward and outward transport occurring at different wavenumbers. The method
for finding PFe from the QL simulations is the same, but here a reduced treatment was
used, including only the dominant mode, which is an ITG mode for CBC-like parameters.
This was done for a range of values of several key plasma parameters.
In the trace impurity limit, i.e. when the fraction of impurities is sufficiently small, the
impurity dynamics do not affect the turbulence dynamics. Therefore, when finding the
simultaneous peaking factor of the background and impurities, the former can be found
4
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FIG. 1: Timeseries and spectra of electron particle transport for CBC with D as main ions near
to the zero flux gradient (R/Lne = 2.77); obtained from NL GENE simulations.
first and used in the simulations of the latter without loss of generality. Furthermore, in
the trace impurity limit, the transport coefficients of Eq. (1) for trace impurities do not
depend on the species’ gradients of density and temperature, meaning that (1) is a linear
relation in those gradients. This means that the impurity peaking, as well as the contribution
to PFZ from the thermodiffusion (PFT ) and the convective velocity (PFp), can be found
from simulations with appropriately chosen gradients using the method outlined in32. The
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peaking factors are calculated for several impurity species, using the reduced QL model.
The difference in impurity peaking factors between NL and QL models has been covered in
previous work.22–24,26
The simulations have been performed in a circular equilibrium with aspect ratio R/a = 3,
using kinetic ions, electrons and impurities, except when studying the effects of shaping.
Then the Miller equilibrium model was used instead.33 Impurities were included at trace
amounts (nZ/ne = 10
−6), so as not to affect the turbulent dynamics. The impurities mass
was assumed to be AZ = 2Z, where Z is the charge number. The dynamics were further
assumed to be electrostatic (β ≈ 0).
For the simulation domain, a flux tube with periodic boundary conditions in the per-
pendicular plane was used. The nonlinear simulations were performed using a 96× 96× 32
grid in the normal, bi-normal, and parallel spatial directions respectively; in the parallel and
perpendicular momentum directions, a 48 × 12 grid was used. For the linear and quasilin-
ear computations, a typical resolution was 12 × 24 grid points in the parallel and normal
directions, with 64 × 12 grid points in momentum space. The nonlinear simulations were
typically run up to t = 300R/cs for the experimental geometry scenario, where R is the
major radius and cs =
√
Te/mi.
III. SIMULTANEOUS STATIONARY PROFILES OF ELECTRONS AND
IMPURITIES
First, we examine the dependence of the transport and of PFe on the ion temperature
gradient. The result is shown in Fig. 2, where the ion energy transport from NL simulations
is displayed, together with electron peaking factors from NL and QL simulations. Though
the ion energy transport shows a stiff increase with the driving gradient, only a moderate
reduction is seen in the peaking factor.
It is worth noting that the steady state peaking found in the simulations is considerably
higher than that in the original CBC experiment (R/Lne,i = 2.22). As is known
3,14,17,34,
this is due to the neglect of collisions, as they normally are in the CBC. The collisionality
for the CBC parameters is νei ≈ 0.05 cs/R, which is of the same order as the growthrates
and real frequencies observed, and collisions can be expected to have a notable impact
on the transport. When collisions are added, the background peaking factor is indeed
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FIG. 2: Scaling of PFe and ion heat flux with ion temperature gradient ∇Ti.
lowered to a level consistent with the prescribed background gradient for the CBC, as seen
in Fig. 2. The QL peaking factor shows a stronger decrease than its NL counterpart. Below
R/LTi ≈ 4.5, the ITG mode is stable, and the TE mode dominates. In the following, focus is
on the collisionless case, but the simulations have been complemented with scalings including
collisions.
The electron peaking factor is reduced with increasing ion–electron temperature ratio
(Ti/Te) for CBC parameters, as can be seen in Fig. 3(a). As with the temperature gradient,
the NL results show only a weak scaling, while the trend is more pronounced for the QL
simulations. This may be a result of the QL treatment, which only includes the dominant
mode, while the contribution from the subdominant TE mode is non-negligible for low values
of Ti/Te. A more complete QL treatment may give a better agreement.
8,17 In Fig. 3(b), the
selfconsistently obtained quasilinear peaking of electrons and impurities (Be (Z = 4), C (Z =
6), Ne (Z = 10), and Ni (Z = 28)) is shown. Impurities with lower charge numbers (Z), as
well as the background, show the same dependence on Ti/Te, with a decrease in the peaking
as the ion temperature is increased, and a weaker tendency for smaller wavenumbers. For
the impurities with higher Z, on the other hand, increased ion temperature leads to slightly
more peaked impurity profiles. In Fig. 3(c) it is shown that the effect for the impurities
is mainly due to an increase in the relative contribution from the outward thermopinch
(∼ 1/Z) with increased ion temperature, which affects the low Z impurities more strongly.
To first order, the thermopinch is proportional to the real frequency. As seen in Fig. 3(d)
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3(a): NL and QL scalings of PFe
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3(b): simultaneous QL scalings of PFe and PFZ
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FIG. 3: Scaling of background electron peaking, impurity peaking and linear eigenvalues with
Ti/Te.
it increases with increasing Ti/Te, which explains its increasing importance for higher ion
temperatures.
In Fig. 4(a), the scaling with magnetic shear (sˆ) is studied. The electron peaking shows
a strong and near linear dependence on sˆ. This is similar to the results reported in Ref. 17
and is due to the shear dependence of the curvature pinch. This trend is as strong in both
the QL and NL simulations. The effect of shear on the linear eigenvalues is not monotonous,
with a destabilisation in the low to medium shear region followed by stabilisation as sˆ is
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4(a): NL and QL scalings of PFe
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4(b): simultaneous QL scalings of PFe and PFZ
100 101 102
Z
−2
−1
0
1
2
3
P
F
T
,p
PFT
PFT
PFT
PFT
PFp , sˆ = 0.1
PFp , sˆ = 0.5
PFp , sˆ = 0.8
PFp , sˆ = 1.1
4(c): contributions to PFZ from thermopinch (PFT )
and pure convection (PFp) vs. impurity charge
FIG. 4: Scaling of background electron and impurity peaking with sˆ.
increased further. The selfconsistent results are shown in Fig. 4(b). For the impurities, the
change in peaking factors due to magnetic shear follows the trend seen for the electrons,
and impurities with higher Z are more strongly affected. This is seen in Fig. 4(c) to be due
mainly to a stronger inward convective pinch with increasing shear.
Next we cover the effect of electron–ion collisions on the peaking factors. Collisionality
is known to affect the background by reducing the peaking factor.3,13,14,17 In Fig. 5(a), the
selfconsistent results for a range of collisionalities are shown. The reduction in peaking
factors with collisionality is also seen for low Z impurities, while the high-Z impurities show
9
0.0 0.2 0.4 0.6 0.8 1.0
νc/ν0
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
P
F
e
,Z
Be
C
Ne
Ni
D, kθρs = 0.3
5(a): simultaneous QL scaling of PFe and PFZ
100 101 102
Z
−2
−1
0
1
2
P
F
T
,p
PFT
PFT
PFT
PFT
PFp , νc/νei = 0.0
PFp , νc/νei = 0.125
PFp , νc/νei = 0.5
PFp , νc/νei = 1.0
5(b): contributions to PFZ from thermopinch (PFT )
and pure convection (PFp) vs. impurity charge
FIG. 5: Scaling of background electron and impurity peaking with νei.
little or no change in peaking due to collisions. The effect on the impurities is mainly due
to an increase in the outward thermopinch (∼ 1/Z) with increased collisionality (Fig. 5(b)),
due to a change of the real frequency.
The influence of sheared toroidal flows on the selfconsistent impurity peaking was also
studied. Only purely toroidal rotation was considered, included through the E×B shearing
rate, defined as γE = −
r
q
1
R
∂vtor
∂r
. Hence, we flow shear in the limit where the flow is small,
neglecting effects of centrifugal and Coriolis forces. These may, however, be important for
heavier impurities.15 The results are shown in Fig. 6(a), where it can be seen that impurities
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FIG. 6: Scaling of background electron and impurity peaking with γE .
are much more strongly affected by the rotation than the electrons, due to the difference in
thermal velocity. For large values of γE, a strong decrease in impurity peaking is seen. The
effect is due to the outward roto-pinch which becomes important for large values of γE , as
shown in Fig. 6(b). As with the shearing rate, this effect is more pronounced for high-Z
impurities, since the thermopinch dominates for low Z values. In ASDEX U roto-diffusion
has been found to be a critical ingredient to include in order to reproduce the Boron profiles
seen in experiments.21,25
Finally, shaping effects were studied using the Miller equilibrium model. The quasi-
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linear electron peaking factor as well as the self-consistent impurity peaking factors increase
with higher elongation (κ) as shown in Fig. 7(a). For impurities with low charge number the
increase in peaking is mainly due to a larger inward thermopinch while for high-Z impurities
it is caused by an increased pure convection, as seen in Fig. 7(b).
The dependence of the selfconsistent peaking factors on the safety factor (q0) and trian-
gularity (δ) was also studied, and the scalings were found to be very weak.
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IV. ISOTOPE EFFECTS ON THE BACKGROUND PEAKING
The CBC prescribes hydrogen ions as the main ions, however, for future fusion power
plants, a deuterium/tritium mixture will be used. Due to the difference in mass, it is known
that D and T plasmas will behave differently from pure H plasmas. Differences in steady
state peaking factors are expected, since both collisions and non-adiabatic electrons can
break the gyro-Bohm scaling.35 To get an insight into the effect of the main ion isotope, the
scalings for the normal CBC were compared with simulations where D was substituted for
H and T.
First, we review the known isotope effects on linear eigenvalues. Figure 8 displays the ITG
eigenvalues in the collisionless case for H, D, and T in species units. The slight difference
in eigenvalues obtained is due to the non-adiabatic electron response into which the mass
ratio
√
mi/me enters, as discussed in Ref. 35.
The QL background peaking versus collisionality is displayed in Fig. 9(a) for kθρsi = 0.3
in species units, corresponding to the peaks in the growthrate spectra. For νei = 0, a
slight difference in PF is observed, with PFT > PFD > PFH. This is consistent with
the asymmetry in D and T transport reported in Refs. 4 and 36. For larger values of the
collisionality, however, the order is reversed.
Next, the effect of the ion mass on the stationary profile scaling with ion to electron
temperature ratio (Ti/Te) is studied. In Fig. 9(b), the peaking factor is seen to decrease with
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FIG. 9: Scaling of main ion peaking with different parameters for the CBC (Tab. I), for H, D
and T as main ions with kθρsi = 0.3 in species units.
increasing ion temperature, but in this case the lighter isotopes are more sensitive, showing
a stronger decrease with Ti/Te. The other parameter scalings discussed in section III show
only a very weak isotope effect.
The scenario with a 50/50 mixture of D and T was also studied, and the simultaneous
peaking of D and T calculated. The results were seen to follow the pure D and pure T
results closely, albeit with the T profile approximately 10% more peaked than the D profile
for all values of the collisionality; see Fig. 9(a). For the scan with Ti/Te, the self-consistent
case gave a larger difference in D and T peaking than the corresponding pure cases, as seen
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in Fig. 9(b). These results were corroborated by NL simulations using the standard CBC
parameters, with the background electron density gradient corresponding to zero flux for
the pure D case (R/Lne = 2.77). The results are shown in Fig. 10. For these parameters,
the electron particle flux remained close to zero, while the deuterium flux was postivive and
the tritium flux negative, indicating a more peaked steady state D profile, and a less peaked
T profile in the mixed scenario.
The effect of main ion mass on the stationary profiles discussed here are weak, but may
result in a D–T fuel separation in a fusion plasma.4
V. CONCLUSIONS
In the present paper electron and impurity particle transport due to Ion Temperature
Gradient/Trapped Electron (ITG/TE) mode turbulence was studied using gyrokinetic sim-
ulations. A reduced quasilinear (QL) treatment was used together with nonlinear (NL)
simulations using the code GENE. Neoclassical contributions to the impurity transport,
which may be relevant for high-Z impurities, were neglected. The impurities, with impurity
charge in the region 3 ≤ Z ≤ 42, were included in low concentrations as trace species. The
focus was on a selfconsistent treatment of particle transport, where the stationary local pro-
files of electrons and impurities are calculated simultaneously corresponding to zero particle
flux. The zero flux condition is relevant to the core region of tokamaks where the parti-
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cle sources are absent or small. The parameters were taken from the Cyclone Base Case,
corresponding to ITG dominated turbulence with a subdominant TE mode relevant for the
core region of tokamaks, and scalings of the stationary profiles with magnetic shear, safety
factor, electron-to-ion temperature ratio, collisionality, sheared toroidal rotation, elongation
and triangularity were investigated.
It was shown that the stationary background density profile was sensitive in scans over
magnetic shear, collisionality, elongation, and temperature ratio, for which the simultaneous
zero flux electron and impurity profiles are calculated. The selfconsistent treatment mainly
tended to enhance these parameter scalings of the impurity profile peaking. For safety factor,
sheared toroidal rotation and triangularity on the other hand, the effects on the electron
profile were weak and hence a selfconsistent treatment did not add significant new results to
the previous investigations in this area. For all considered cases, both the electron profile and
the impurity profile were found to be inwardly peaked, with peaking factors R/LnZ typically
in the range 1.0–4.0, i.e. substantially below neoclassical expectations. For large sheared
toroidal rotation (γE & 0.4), a flux reversal resulting in outwardly peaked impurity profiles
was seen. Furthermore, the electrons were consistently more peaked than the impurities.
In addition, a slight asymmetry between hydrogen, deuterium and tritium with respect
to profile peaking was obtained. The effect was more pronounced for high collisionality
plasmas and large ion to electron temperature ratios. The effect may have consequences for
fuel separation in D–T fusion plasmas.
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